pression pattern and precise function of other members of the P48/45 superfamily is currently unknown. DeterIntroduction mination of the essential nature, function, and interaction of Pfs48/45 and other proteins involved in the sexual The malaria parasite (Plasmodium spp.) must infect its cycle is crucial for a rational approach to improve and Anopheline mosquito vector to undergo transmission develop effective transmission-blocking components between vertebrate hosts. A developmental pathway for a malaria vaccine . is initiated when the mosquito ingests the specialized Genetic modification of malaria parasites is now an sexual precursor cells (gametocytes) of the parasite that established approach to examine the function of procirculate in the blood of an infected host. Within the teins and has particular application in P. berghei to study mosquito, these gametocytes rapidly differentiate to genes expressed in the mosquito stages of parasite produce male and female gametes that fertilize and form development ( P48/45 in male gamete fertility.
Results
pfs48/45. Western analysis of gametocytes using specific polyclonal antiserum revealed a (broad) band of Pbs48/45 of 53 kDa, most probably consisting of a proIdentification of a Pfs48/45 Ortholog in P. berghei pbs48/45 was isolated from a P. berghei genomic DNA tein doublet that under reducing conditions migrated as a single well-resolved 55 kDa protein comparable to library. Pfs48/45 and Pbs48/45 are 71% and 54% identical at the DNA and protein level, respectively (Figure Pfs48/45 ( Figure 2D ). 1A). All cysteine residues are positionally conserved apart from a single cysteine residue that is also not P. berghei also Contains an Ortholog of pf47, Linked to pbs48/45 in the Genome coded in the Prs48/45 gene of P. reichenowi, a chimpanzee parasite closely related to P. falciparum ( Figure 1A ).
BLAST analysis of the Pfs48/45 protein sequence against the P. falciparum genome sequence database pbs48/45 is located on one of the two largest chromosomes of P. berghei (chromosome 13/14; Figure 2B) .
showed that the 6-cys domain of Pfs48/45 aligns contiguously and most closely with Pf47, a gene described by Transcription of pbs48/45 was in young (24 hr) and mature (30 hr) gametocytes ( Figure 2C ) and comparable to Templeton and Kaslow (1999) (identity 26%, similarity Figures 3D and 3E ) whereas in wt parasites, sequences from the P. falciparum genome sequencing projects indicated that pf47 is closely linked to pfs48/ all mature (male and female) gametocytes reacted strongly by IFA ( Figure 3D ). The level of transcription of 45 ( Figure 1B) and lies only 1.5 kb immediately upstream of pfs48/45 ( Figure 1C) Figures 2C and 2D) . The level of transcription of the to uninfected erythrocytes, resulting in the presence paralog pbs47 in Pbs48/45ko parasites was unaffected of characteristic exflagellation centers, female gamete ( Figure 2C ). Therefore, phenotypic effects observed in emergence, and their expression of the gamete/zygotePbs48/45ko parasites are solely due to a lack of Pbs48/ specific protein Pbs21 or Pfs25 on their surfaces, re-45 in this mutant. spectively (Table 2 ; Figure 4B ). The P. falciparum Pfs48/45 gene was disrupted using plasmid pI48 that generates two nonfunctional copies of pfs48/45 in the P. falciparum genome following siteZygote Formation and Transmission Capacity Is Strongly Impaired in P48/45ko Parasites specific integration of pI48 ( Figure 3A) . In contrast to the double crossover mechanism of site-specific integration Although disruption of the P48/45 gene did not have an observable effect on gametocyte and gamete developof p54 in P. berghei, the single crossover mechanism of integration used in P. falciparum is potentially a rement, there was a dramatic effect on development of both P. falciparum and P. berghei zygotes and ookiversible event. Reversion would lead to the regeneration of the wt gene in parasites as has been described for P.
netes. In vitro, 52%-69% of the wt P. berghei female gametes compared with only 0.001%-0.03% of Pbs48/ berghei (Mé nard and Janse, 1997). In two independent experiments, we transfected P. falciparum parasites and 45ko female gametes developed into mature ookinetes (Table 2 ). In P. falciparum, ookinetes were readily obobtained clones that were both pyrimethamine-resistant and contained a disrupted Pfs48/45 gene. Two clones served in midguts of mosquitoes infected with wt parasites whereas no ookinetes were found in mosquitoes from each experiment, KoF1-4, were chosen for further analysis. PCR, Southern blot, and plasmid rescue analyinfected with Pfs48/45ko parasites (Table 1) .
To test whether the observed inhibition of ookinete ses of Pfs48/45ko parasite DNA demonstrated that formation in the P48/45ko parasites correlated with a compared to wt parasites (Table 2 ). In the mosquito midgut, an average of 0.09% of Pbs48/45ko female gareduction in transmission capacity, as defined by the rate of oocyst production, mosquitoes were fed with metes developed into ookinetes, which is significantly lower than in wt parasites (average of 9.2%) but is higher Pfs48/45ko and Pbs48/45ko gametocytes. P48/45ko oocyst production was strongly reduced compared to than the average in vitro conversion rate of 0.02%. Therefore, Pbs48/45ko parasites were able to produce oocyst production in wild-type parasites (Tables 1 and  2 ). In P. falciparum, a maximum of 2.5% of the mosquioocysts at a significantly higher rate than expected on the basis of inhibition of ookinete production in vitro. The toes were infected (max. one oocyst per mosquito) compared to an average wt infection rate of 93% (max. 180 oocysts had normal morphology under light microscopy and produced sporozoites 10-12 days after mosquito oocysts per mosquito). It is possible that these oocysts resulted from fertilization of gametes that have reverted infections. Pbs48/45ko sporozoites were able to infect naïve mice as effectively as wt P. berghei sporozoites to wt.
Pbs48/45ko oocyst numbers are 27-63 times lower (data not shown). Transmitted Pbs48/45ko parasites maintained the disrupted pbs48/45 genotype ( Figure 2F )
To test the fertility of Pbs48/45ko male gametes, the conversion rate of wt female gametes into ookinetes was and the observed reduction in the rate of ookinete and oocyst production of Pbs48/45ko parasites (data not determined after mixing Pbs48/45ko male and female gametes with wt female gametes. Formation of wt male shown).
gametes was blocked by the DNA polymerase I inhibitor Aphidicolin. Three independent crosses produced no Pbs48/45ko Male Gametes Have an Impaired Ability ookinetes (Table 3 ; cross B), indicating that Pbs48/45ko to Attach to and Penetrate Female Gametes male gametes were unable to fertilize wt female gaThe reduced capacity of P48/45ko gametes to develop metes. To prove the viability of the wt female gametes into zygotes suggests that P48/45 plays a role in fertilizain cross B after exposure to Aphidicolin, wt female gation or subsequent zygote development. The role of metes were mixed with male and female gametes of the Pbs48/45 in P. berghei was examined using in vitro fertilPbs21ko clone. This clone produces normal numbers ization assays. The behavior of gametes was examined of gametes and ookinetes that lack the Pbs21 protein in vitro after induction of gamete development. In six on the surface (A. Tomas et al., submitted). The converindependent preparations of wt parasites, motile male sion rate of wt female gametes into ookinetes was detergametes were observed attaching to erythrocytes and to mined by counting the number of ookinetes expressing female gametes. Individual fertilization events involving Pbs21 visualized with a specific mAb. Large numbers male penetration of a female gamete were readily obof ookinetes were Pbs21 positive (Table 3 ; cross A), served (a range of 6-18 fertilization events per preparademonstrating that wt female gametes could be fertiltion). In contrast, in ten independent preparations of ized by the Pbs21ko male gametes. Pbs21-negative Pbs48/45ko parasites (clone KoB2 and KoB3), no single ookinetes were also present resulting from normal selffertilization event was detected. Motile Pbs48/45ko fertilization of the Pbs21ko parasites. Therefore, wt female gametes attached only to erythrocytes and not to male gamete fertility is unaffected after Aphidicolin female gametes. The observed fertilization defect was treatment (cross A) and male Pbs48/45ko gametes are confirmed by examination of Giemsa-stained parasites infertile (cross B). prepared 1 hr after induction of gamete formation. In
Since the P48/45 protein is abundantly present on the two independent preparations of wt parasites, 46% and surface of wt female gametes, we also expected females 54% of the female gametes had been fertilized and exto contribute to the lack of self-fertilization of P48/45ko hibited the characteristic features of a zygote (Janse parasites. To investigate the fertility of the Pbs48/45ko et al., 1985a; 1986); 15% and 21% of these zygotes female gametes, we again mixed gametes of the Pbs48/ contained the two, still separated, nuclei of the female 45ko parasites with gametes of the Pbs21ko clone and and male gametes. These fertilization features were absent from equivalent preparations of Pbs48/45ko paracounted Pbs21-positive and -negative ookinetes (Table  sites . Only large clusters of single nucleated female ga-3; cross C). If Pbs48/45ko females were infertile, only metes were found ( Figure 4A ). Therefore, fertilization is Pbs21-negative ookinetes from the self-fertilization of strongly impaired in Pbs48/45ko parasites.
Pbs21ko mutant gametes would be observed. Unexpectedly, in five independent repetitions of this assay, we observed ookinetes that reacted strongly with the Gamete Fertility Is Strongly Impaired in Pbs48/45ko anti-Pbs21 antibody, which can only result from fertilizaMale but Not Female Gametes tion of Pbs48/45ko female gametes by Pbs21ko males P48/45 is present on the surface of both male and female (Table 3 , cross C; Figure 4B ). The conversion rate of the gametes. The fertilization defect of Pbs48/45ko gametes Pbs48/45ko female gametes into ookinetes was compacould result, therefore, from a loss of either male or rable to the conversion rates obtained in standard fertilfemale fertility, or of both. To discriminate between these ization assays of wt parasites ( A further 6-cys superfamily member, P47, is also exal., 1999), and a genetic cross of P. falciparum demonstrated that an as yet unidentified gene residing on chropressed during sexual development in both P. falciparum and P. berghei and is predicted to be a gametomosome 12 plays a role in male fertility (Vaidya et al., 1995). Identification of proteins involved in the sexual cyte/gamete-surface antigen. All members of the 6-cys domain superfamily characterized to date are conserved development and determination of their function might facilitate design of improved strategies for blocking and are gametocyte/gamete-specific suggesting that this family has evolved to play a role in the sexual cycle transmission of malaria parasites.
of Plasmodium. Whether all these proteins mediate gamete interactions, as exemplified by P48/45, remains to Members of the 6-Cys Domain Gene Superfamily Are Unique and Conserved within the Plasmodium be determined. Interestingly, it has been shown that Pfs48/45 physically interacts with another member of Genus and Expressed during Sexual Development In general, the mutual recognition by male and female the protein family, Pfs230, and antibodies to Pfs230 can also inhibit the development of zygotes (Kumar, 1987; gametes required for fertilization is mediated by structurally diverse sex-and species-specific gamete surface Williamson et al., 1993; . Linkage of p48/45 and its paralog, p47, is conserved receptor proteins. These proteins are typically rapidly evolving, highly structured members of families of proin the genome of P. berghei and P. falciparum. Tight linkage of closely related genes that are specifically trantein receptors that participate in specific protein-protein interactions leading to and ensuring sex specificity of scribed in gametocytes and encode surface proteins appears to be a recurrent theme in malaria parasites. fertilization (Vacquier, 1998). P48/45 belongs to a family of proteins that share a conserved structure defined by
The genes encoding Pfs230 and P25, transcribed during the sexual stages, form tightly linked gene pairs apparently species-specific 6-cys domains (Carter et al., 1995; Templeton and Kaslow, 1999 that reduction in zygote formation in vivo is less marked in Pbs48/45ko parasites than in Pfs48/45ko parasites.
Analysis of p48/45 and p47 Linkage in the Genome
The assays used to quantify zygote formation differ be- proteins are already expressed on the surface of the giving rise to the replacement construct p54 that was cut with BamHI and KpnI, the DNA fragment gel purified and used for transfection. gametocytes in the blood, and therefore, it is possible P. berghei parasites were transfected and cloned as described assay (Janse et al., 1985a (Janse et al., , 1985b . The fertility of male and female ko gametes was determined by cross-fertilization of different clones (Mé nard and Janse, 1997).
P. falciparum: The Pfs48/45 gene of P. falciparum was disrupted of P. berghei in the fertilization assays. Cross-fertilization between gametes of two clones (A and B) was obtained as follows: infected with insertion vector pI48, a derivative of the previously described pDT.Tg23 (Wu et al., 1996) . pI48 was constructed by cloning 1088 blood from a mouse infected with clone A and infected blood from a mouse infected with clone B were separately transferred into bp of the coding sequence of pfs48/45 into pDT.Tg23. This fragment was obtained by PCR amplification using primers #343/#344 conookinete culture medium to induce gamete formation. 10 min after induction, equal numbers of gametes of both clones were mixed taining BglII and SpeI sites, respectively, and cloned into pDT.Tg23. Transfection of P. falciparum blood stage parasites with vector pI48, and 18 hr later, the number of ookinetes and unfertilized gametes were counted. To specifically block male gamete formation in one selection, and cloning of recombinant parasites were as described by Fidock and Wellems,1997. To select pfs48/45ko clones, the abof the two clones, Aphidicolin at a concentration of 5 ϫ 10 Ϫ4 M was added to the cultures during the first 10 min of gamete induction sence of expression of the Pfs48/45 in mature gametocytes was assayed by immunofluorescence assay (IFA). (Janse et al., 1986 
